In-situ observation of elastic deformation behaviors of Zr 55 Al 10 Ni 5 Cu 30 bulk metallic glass under tensile stress was carried out using the high-energy X-ray scattering method. Two analytical procedures-the reciprocal-space method and direct-space method-were applied. The reciprocal-space method, used for the estimation of an apparent atomic spacing, can evaluate the strain in the range of several nanometers. We found that this method yields a large Young's modulus (115 GPa) and a small Poisson's ratio (0.32), as compared to the macroscopic values of 101 GPa and 0.38, respectively. Thus, the macroscopic deformation is larger than the microscopic deformation characterized by the X-ray scattering method. This feature indicates the possibility of inhomogeneous regions with weakly bonded structures existing locally in the glassy structure and acting as significant deformation sites in the elastic stage. The direct-space method suggests that the Zr-Zr nearest pair has a higher sensitivity to an applied stress than the Zr-Cu pair. Moreover, both the nearest pairs in the first shell (r < 0:4 nm) exhibit a slight distortion, as compared with the deformation observed in the second or higher coordination shell (r > 0:4 nm). We explain this deformability gap with the hypothesis that the free volume in the first coordination shell assists the glide of atoms. This results in a larger strain in the second or higher coordination shell than in the first shell.
Introduction
Bulk metallic glasses (BMGs) are a well-known, new class of engineering materials with important and attractive mechanical properties such as a large elastic strain limit, high strength, high hardness, low mechanical damping, and good fracture toughness. BMGs, however, generally deform at localized shear bands, leading to catastrophic failure after an elastic deformation. The lack of significant plastic deformation in BMGs arises from the easy and rapid propagation of shear bands under applied stress. A number of studies have been conducted to resolve this problem by using BMGs or BMG composites with improved ductility. [1] [2] [3] [4] In the development of BMGs, it is necessary to investigate their deformation mechanism, especially in the initial stage, prior to shear band nucleation and its propagation.
It is crucial to understand the deformation behavior of BMGs on the atomic scale so as to elucidate the mechanism governing their macroscopic deformation processes. The high-energy X-ray scattering method is a promising approach for revealing the deformation behavior on the atomic scale under applied stress. 5) Several studies have successfully characterized the interatomic strain in BMGs that has been induced by elastically applied stress. [6] [7] [8] [9] [10] [11] Interestingly, some BMGs exhibit a discrepancy between their elastic constants measured by the X-ray scattering method and those measured by ultrasonic sound velocity methods. 8, 11) This could be attributed to the difference in the deformation behaviors for the different length scales employed in these methods. The X-ray scattering method reflects on local strain in BMGs, while ultrasonic sound velocity methods reflect on strain on the macroscopic scale. Stoica et al. 8) have pointed out that ductile BMGs tend to exhibit this discrepancy, and they indicated that a local shear transformation zone (STZ) is likely to contribute to this difference. Since a STZ originates from the inhomogeneity in local atomic structures, it is essential to understand the characteristics of strains for each atomic pair. To advance this discussion further, the deformation behaviors of other BMGs should be evaluated in detail, with different length scales ranging from short-to long-range structures.
In this study, we report local deformation behaviors in the monolithic Zr 55 Al 10 Ni 5 Cu 30 BMG in an elastic region under tensile stresses by using the in-situ high-energy X-ray diffraction technique. The two analytical procedures used for evaluating X-ray scattering results are the reciprocalspace and direct-space methods. 5) In the reciprocal-space method, the peak position of the first halo peak appearing in a scattering profile is used to characterize the deformation that is reflected in the strain over a range of several nanometers; this concept will be explained afterward with experimental results. The direct-space method evaluates the variation of nearest neighbor atomic distances (i.e., short-range structure) by using a radial distribution function (RDF) with an increase in the applied stress. In this study, the relationship between the deformation on the macroscopic scale and these different length-scale micro deformations is discussed.
Experimental
A master ingot of Zr 55 Al 10 Ni 5 Cu 30 alloy was produced by arc-melting Zr with 99.9% purity and Al, Ni, and Cu with 99.99% purity in a purified argon atmosphere. The alloy was heated up to 1223 K in a quartz tube under a vacuum (4 Â 10 À3 Pa) by induction melting. The molten alloy was cast into a copper mold, which measured 3 mm in diameter and 50 mm in length. Details of the preparation method have been previously reported. 1) In the in-situ X-ray scattering measurements, several tensile stresses were applied uniaxially to the rod-shape sample along its axial direction up to an axial strain of about 0.8%. This is less than half of its fracture strain. The macroscopic strain in the sample was monitored by the strain gauge attached to the sample along the tensile direction.
X-ray scattering measurements were performed at beamline BL22XU of SPring-8. The schematic diagram of the experimental setup is shown in Fig. 1 . The incident beam of a monochromatic X-ray tuned to 66.48 keV (! ¼ 0:01865 nm) was collimated to 200 Â 200 mm 2 . Scattering patterns were recorded using an imaging plate (400 Â 400 mm 2 area) with an exposure time of 120 s. This was sufficient to obtain a high S/N ratio and high-quality diffraction data. Since the imaging plate has no energy resolution, an aluminum plate with a thickness of 5 mm was placed right in front of the imaging plate so as to absorb the Zr-K, Cu-K, and Ni-K fluorescent X-rays from the sample. In order to obtain one scattering profile, two scattering images were captured at distances of 300 mm and 730 mm between the sample and the imaging plate. The scattering image at 300 mm covered the wide-Q range (Q ¼ 4% Á sinð2=2Þ=!, 2: scattering angle) up to 150 nm À1 , while the image at 730 mm covered the first halo peak with a high angular accuracy. These distances were corrected by using the scattering pattern of CeO 2 powder. A one-dimensional scattering profile was extracted from the ring pattern by azimuthally caking AE5 fractions in the tensile and transverse directions and then integrating it within these areas using the WinPIP software.
12) It should be mentioned that the deviation from the normal to the loading axis for the diffracting planes would result in a decrease in the tensile strain estimated by the X-ray scattering method. However, the present experimental condition using highenergy X-rays renders this error to be less than 2.5%, which is negligibly small. The scattering profiles, IðQÞ, were corrected by air scattering, polarization, absorption, and Compton scattering. The profiles were then converted to electron units per atom by the Krogh-Moe-Norman method 13) in order to obtain an interference function, QiðQÞ (¼ QðSðQÞ À 1Þ, SðQÞ: structure factor), estimated from the coherent scattering intensity in absolute units. The RDF was obtained by the Fourier transformation of the QiðQÞ. The experimental interference functions were fitted to those calculated using the following equation by the non-linear least squares method 14) so that the coordination numbers and atomic distances were determined.
where j and k denote the atomic species. n represents the number of elements; n 0 , the number of j-k pairs taken into account in the calculation; & 0 , the bulk density; c i , the atomic concentration of i-type atoms; f i , the atomic scattering factor of an i-type atom; N jk , the coordination number of the j-k pairs at the distance r jk ; and b jk , the mean-square variation. R jk and B jk represent the parameters of the boundary region, which need not be sharp.
Results and Discussion

Reciprocal-space method
In the reciprocal-space method, the peak position of the first halo peak defines an apparent atomic spacing. Strain in the glassy structure can then be estimated from the change in the atomic spacing when stress is applied. The local strains in the tensile and transverse directions are estimated from the first halo peak and are shown in Fig. 2 . The estimated local tensile strain increases linearly with the measured macroscopic tensile strain, but exhibits smaller values of approximately 89% of the measured macroscopic strain. In addition, the compressive strain in the transverse direction is observed to linearly vary with the macroscopic tensile strain. The corresponding slope indicates a deformation of approximately 27% of that indicated by the macroscopic slope. Young's modulus and Poisson's ratio can be determined from the calculated tensile and transverse strains, as shown in Fig. 2 . Table 1 summarizes the elastic moduli obtained by the reciprocal-space method together with the macroscopic values. 15, 16) The values of Young's modulus and Poisson's ratio calculated from the halo peak are respectively larger and smaller than their corresponding macroscopic values. These different elastic moduli arise on account of the different scale lengths used for observing strains between the two methods. The first halo peak represents the scattering in a local region with a short-range order extending up to several nanometers; this statement is based on the following reason. The simplified equation of X-ray scattering intensity from glass materials can be expressed as where d represents the distance between two atoms.
6) The first maximum of this equation (except for the one at Q ¼ 0) is at Q 1 ¼ 1:23ð2%Þ=d for the first nearest neighbor pair. 6) In addition, the sine wave expressed as eq. (2) from higherorder neighbor pairs such as second and third nearest neighbor pairs can superpose the first halo peak appearing around Q 1 . Thus, the first halo peak in metallic glasses is composed of X-ray scatterings from not only the first nearest neighbor pair but also the higher-order neighbor pairs. This suggests that the strain estimated from the first halo peak corresponds to the strain in a local region with a short-range order extending up to several nanometers. On the other hand, the macroscopic elastic moduli depend on a long-range interatomic correlation. Thus, the elastic moduli obtained by the reciprocal-space method imply a high stiffness for a short-range order, rather than being a contribution of a long-range order. According to long-range structural models proposed for metallic glasses on the basis of inelastic X-ray scattering and ultrasonic measurements, 17) BMGs have structural inhomogeneity, such that weakly bonded regions (WBRs) are distributed as boundaries among strongly bonded regions (SBRs), with a size of several nanometers. Considering that SBRs should be well contained within the glassy state and that WBRs have a small volume fraction and low density, 17, 18) it would be feasible that the local deformation characterized by the Xray scattering method corresponds to that of the SBRs. In addition, WBRs could induce local shear deformation due to a higher concentration of free-volume sites. 19, 20) As a result, it is suggested that the difference found between the macroscopic and detected strains in the local region with a short-range order by using the reciprocal-space method can be attributed to the contribution of the WBRs present in the BMG.
Direct-space method
On the basis of the long-range structural model discussed above, X-rays are scattered dominantly by SBRs. This implies that the direct-space method characterizes the local deformation of SBRs. Figure 3(a) shows a representative variation of the interference functions and RDFs, 2% 2 r&ðrÞ, at macroscopic tensile strains of 0% and 0.78%. The RDFs are not averaged over all types of interatomic pairs, but are reflected by weighting factors for scattering, which are defined as follows:
where w ij is the weighting factor of the two atomic species i and j. The interatomic pairs with the major weighting factors for scattering in this alloy system are the Zr-Zr (47%) and ZrCu (34%) correlations. Other interatomic pairs are negligible due to small weighting factors of less than 6%. Considering the Goldschmidt atomic radii for Zr (0.160 nm) and Cu (0.128 nm), the distinct peaks appearing at about 0.27 and 0.32 nm can be ascribed to the contribution of Zr-Cu and Zr-Zr pairs, respectively. Both peaks clearly shift toward longer distances with an increase in the tensile strain. The representative fitting results for the interference functions, which are obtained from the non-linear least square fitting of eq. (1), and their RDFs are shown in Fig. 3 (b) and the inset of Fig. 3(a) , respectively. In this calculation, the first nearest neighbor of Zr-Zr and Zr-Cu coordination is taken into account so as to obtain the structural parameters in the first shell below 0.4 nm in the RDFs. The atomic distances of the Zr-Zr and Zr-Cu pairs at a non-loading state are estimated to be 0.318 (5) Figure 4 shows the change in the local strain for the Zr-Zr and Zr-Cu pairs as a function of the macroscopic strain. The gradients of the plots for the Zr-Zr and Zr-Cu pairs are 0.81 and 0.62, respectively, and exhibit different sensitivities of each atomic pair to the macroscopic strain. Young's moduli for the Zr-Zr and Zr-Cu pairs are calculated to be 125 and 163 GPa, respectively. Both values are higher than those estimated using the reciprocal-space method ( Table 1 ), indicating that the deformation of the first coordination shell surrounding a Zr atom is inconsistent with that of the middlerange order. It should be also noted that Young's modulus of the Zr-Cu pair is higher than that of the Zr-Zr pair. It has been reported that Zr and Cu atoms have a strong chemical affinity with each other. Their interatomic distance is generally smaller than the sum of the atomic radii. 21) In fact, the atomic distance of the Zr-Cu pair (0.273 nm) in the present study is much smaller than the sum of the Goldschmidt atomic radii (0.288 nm). Therefore, a strong interaction of Zr-Cu atomic pairs could result in a low sensitivity to the applied stress as well as a high Young's modulus. The results also suggest that deformability of BMGs might be improved, for example, in Zr-based BMGs, by using a local environment control through the enhancement of Zr-Zr pairs.
In order to analyze the strain in the region that has expanded into the middle-range coordination shell, a further examination of the shift in RDF peaks over 0.4 nm is performed. Since middle-range peaks in the RDFs of 2% 2 r&ðrÞ are obscure, the RDFs are transformed into pair distribution functions (PDFs), 4%rð&ðrÞ À & 0 Þ, so as to render the middle-range peaks distinct. This is shown in the inset of Fig. 5 . The strain in each coordination shell, which can be segmented with valleys in the PDFs, is derived by minimizing the residue, Jð"Þ, in the following equation:
where ÁGðrÞ and " indicate the segmented PDF of and the strain in each coordination shell, respectively. The subscripts ' and 0 denote the loading and non-loading states, respectively. Figure 5 shows the strain plots of the second to fifth coordination shells at the macroscopic strain of 0.78%. The strains of the Zr-Zr and Zr-Cu pairs in the first coordination shell and the strain estimated from the reciprocal-space method are denoted as dashed lines in the figure. The second or higher coordination shell has almost the same strain as that obtained by the reciprocal-space method, and it is larger than the strain in the Zr-Zr and Zr-Cu pairs of the first shell. Thus, it is clearly demonstrated that a discontinuous strain distribution exists between the first and second coordination shells. Such discontinuity in local deformation could be explained by the free-volume effect in the first coordination shell as illustrated in Fig. 6 . While adjacent atoms are difficult to move apart due to the high Young's moduli of atomic pairs, the free volume allows atoms in the first shell to glide around a center atom under tensile stress without a significant change in the interatomic distance (r 1 0 % r 1 ), as shown in Fig. 6 . As a result, the atoms in the second coordination shell can move apart more freely in the tensile direction (r 2 0 ¼ r 2 þ Ár), even in the lesser elongated first coordination shell. It should be mentioned that the free volume in BMGs 22) is insufficient for large deformation. Hence, the atomic movement shown in Fig. 6 easily reaches a plateau that may result in a small elastic region in BMGs. This study might be regarded as an investigation into the fundamental mechanism behind the initiation of elastic deformation in BMGs. In the initial stage of applied stress, mechanical relaxation probably occurs due to a slight rearrangement of the nearest neighbor atomic pair via a free-volume site. It enables the constituent atoms of shells with a long-range order to be rearranged to a greater extent.
In the process, a macroscopic deformation in the elastic region can be achieved with the remaining local atomic environment in the glassy structure.
Concluding Remarks
We have investigated the following different elastic deformations of the Zr 55 Al 10 Ni 5 Cu 30 BMG across different length scales by using the high-energy X-ray scattering method.
(1) The reciprocal-space method characterizing the deformation in a local region of a short-range order extending up to several nanometers exhibited a higher Young's modulus and smaller Poisson's ratio than the respective macroscopic values of these parameters. The weakly bonded regions proposed as the noncontinuous glassy structure model, which are less sensitive to X-ray scattering because of their small volume fraction and low density, may play a considerable role in the macroscopic deformation behavior.
(2) The Zr-Cu pair in the first coordination shell has a higher Young's modulus (154 GPa) than the Zr-Zr pair (122 GPa). This is likely to be due to the strong interaction of the Zr-Cu pair in comparison to that of the Zr-Zr pair. This is implied by the shorter atomic distance of the Zr-Cu pair as compared to the sum of the atomic radii of Zr and Cu.
(3) The elastic strain between adjacent atoms was suggested to be smaller than that appearing in a local region with a short-range order of up to several nanometers. The discontinuity in atomic-scale elastic deformations mainly occurs between the nearest-neighbor and the second nearest neighbor pairs. We propose a model that the glide of atoms in the first coordination shell via the free volume leads to a larger rearrangement of atoms in the second or longer-range shell than that in the first shell. Atomic-Scale Characterization of Elastic Deformation of Zr-Based BMG
